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Abstract: Chestnut drying is used to prevent postharvest losses and microorganism contamination
during storage. Several studies reported the contamination by aflatoxins (AFs) produced by
Aspergillus spp. in chestnuts. The effect of drying temperatures (from 30 to 50 ◦C) was evaluated on
the growth of A. flavus and the production of aflatoxins in chestnuts. The influence of the treatment
on the proximate composition, the total phenol content and antioxidant activity of chestnuts was
considered. Fungal colonization was observed on the nuts dried at 30, 35, and 40 ◦C; the incidence was
lower at 40 ◦C. The highest concentrations of AFB1 and AFB2 were produced at 40 ◦C. No aflatoxins
were detected at 45 or 50 ◦C. At 40 ◦C A. flavus was under suboptimal conditions for growth (aw 0.78),
but the fungus was able to synthesize aflatoxins. As the temperatures applied increased, the total
phenol content increased, while the antioxidant activity decreased. A drying treatment at 45 ◦C
for seven days (aw 0.64) could be a promising method to effectively control both the growth of
aflatoxigenic fungi and the production of aflatoxins. This study provides preliminary data useful
to improve the current drying conditions used in chestnut mills, to reduce both fungal growth and
aflatoxin production.
Keywords: aflatoxins; antioxidant activity; Castanea sativa; composition; temperature; total phenol content
Key Contribution: The effect of different drying temperatures was evaluated on the growth of
A. flavus and the production of aflatoxins in chestnuts. This study provides preliminary data useful
to improve the current drying conditions used in chestnut mills, to reduce both fungal growth and
aflatoxin production.
1. Introduction
Chestnuts are produced in different countries worldwide, particularly in Asia and Europe, but
also in the United States, Australia, New Zealand and Chile [1]. Approximately 20% of the chestnuts
are used for the industrial preparation of chestnut flour, dried chestnuts and marron glacés [2].
Chestnuts have interesting nutritional characteristics, as they are rich in carbohydrates (around
40%), including starch, they contain interesting minerals, vitamins and relevant levels of fiber, but low
amounts of proteins (2–4%) and fats (0.5–5%) [3–6]. They are also an interesting source of essential fatty
acids [7]. Chestnuts have a high water (around 50%; [3]) and sugar content that limits the postharvest
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life [8]. Researchers focused on the implementation of effective methods to increase the chestnut
storage life, while preserving their chemical composition [9,10].
Different species of Fusarium, Penicillium and, Aspergillus have been isolated from chestnuts
during postharvest [11,12]. Several Penicillium and Aspergillus species, originating from chestnuts,
showed to be able to produce mycotoxins, such as aflatoxins, ochratoxin A, citrinin, roquefortine C
and mycophenolic acid in chestnut derived products [2,13].
Aspergillus section Flavi, and in particular A. flavus and A. parasiticus, produce aflatoxins (AFs),
a group of mutagenic, teratogenic and immunosuppressive mycotoxins [14]. The most common
aflatoxins (AFs) are aflatoxin B1 (AFB1), aflatoxin B2 (AFB2), aflatoxin G1 (AFG1) and aflatoxin G2
(AFG2) [15]. AFB1 is genotoxic, it causes liver cancer in most animal species, and it shows the strongest
carcinogenicity among all the aflatoxins [16,17]. A. flavus produces AFB1 and AFB2, while A. parasiticus
produces also AFG1 and AFG2. In particular, the occurrence of Aspergillus section Flavi can lead to
important economic losses, and their growth depends on several factors, such as product composition,
pH, water activity (aw), temperature and storage time [18]. Different strategies could be adopted in
order to reduce AFs in foodstuff [19], including the use of chemical and biological control in the field
or the application of different post-harvest treatments, like sorting procedures, thermal treatment, γ
irradiation, ozone fumigation and cold plasma [20–23].
In recent years, the occurrence of aflatoxins in chestnut products has been reported with increasing
frequency [24,25]. Recently, a monitoring of Aspergillus section Flavi and their potential role in aflatoxin
production was performed on chestnuts and their derivatives [26]. The European Commission (EC)
has set the maximum limits for aflatoxins in different foodstuffs [27] with the Regulation 165/2010
that fixed the maximum levels of AFB1 and total AFs at 2.0 and 4.0 µg/kg, respectively, for some nuts,
including chestnuts.
Drying of agricultural products is a technique that is commonly used to prevent fungal
growth [12,28]. Some studies explored the effect of environmental parameters on A. flavus growth and
AFs production in different matrices [29,30], but no studies have focused on the effect of the drying
temperatures on A. flavus growth and AFs production. Previously, Attanasio et al. [8] showed that
different drying temperatures could affect the physico-chemical properties of chestnuts.
Considering the possible contamination of chestnut products by aflatoxins, the present study
reports the effect of different drying temperatures on the growth of A. flavus and the production
of aflatoxins in chestnuts to be processed in the mills for chestnut flour and granulate production.
Furthermore, some quality and chemical parameters of the fruits were considered, in order to evaluate
the effect of the drying treatments on the proximate composition, the total phenol content and
antioxidant activity of chestnuts.
2. Results
2.1. A. flavus Growth at Different Temperatures
Fungal colonization was observed after seven days of treatment and after seven days of storage
on all the samples dried at 30, 35, and 40 ◦C. After seven days treatment, the incidence was 90.8%,
85.0% and 10.0% at 30, 35 and 40 ◦C, respectively. No fungal growth was observed for chestnuts treated
at 45 ◦C and 50 ◦C (data not shown).
After seven days storage at 30 ◦C and 35 ◦C, the fungal colonization was not significantly different,
with incidences of 93.8% and 94.9%, compared to the incidence after the treatment. The incidence was
lower at 40 ◦C (22.9%), but significantly higher compared to the incidence after seven days of thermal
treatment. At 45 ◦C and 50 ◦C, no fungal growth was observed (Figure 1a.).
No significant differences were found for the number of spores of A. flavus, with 1.35 × 108 spores/mL
and 1.17 × 108 spores/mL for the samples treated at 30 ◦C and 35 ◦C, respectively (Figure 1b).
At 40 ◦C, the concentration was 2.77 × 107 spores/mL. No spores were viable on the chestnuts treated
at 45 ◦C or 50 ◦C.
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Figure 1. Fungal colonization. (a) Percentage (%) of chestnut surface colonized by Aspergillus flavus 
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seven days and seven days of shelf life at 22 °C. Values are expressed as mean values ± SD (n = 12 per 
experiment; two repetitions of the experiments). Values followed by the same letter are not 
statistically different by Duncan’s multiple range test (p < 0.05). 
2.2. Aflatoxin analysis. 
The concentrations of AFB1, AFB2, AFG1, and AFG2 was investigated for each temperature. AFG1 
and AFG2 were not detected in any of the tested conditions. The highest concentrations of AFB1 (62.92 
ng/g) and AFB2 (2.87 ng/g) (Figure 2.) were produced at 40 °C, while the concentrations of AFB1 were 
20.15 ng/g and 33.60 ng/g at 30 °C and 35 °C, respectively, while the concentrations of AFB2 were 0.72 
ng/g and 1.81 ng/g, respectively. No aflatoxins were detected at 45 °C or 50 °C. 
 
Figure 2. Concentrations (ng/g) of AFB1 and AFB2 on chestnuts treated at different temperatures from 
30 °C to 50 °C for seven days and seven days of shelf life at 22 °C. Values are expressed as mean values 
± SD (n = 12 per experiment; two repetitions of the experiments). Values followed by the same letter 
are not statistically different by Duncan’s multiple range test (p < 0.05). 
2.3. Composition 
The chemical composition of the chestnuts is reported in Table 1. The moisture content (%) 
decreased from harvest to the treatment with the highest temperature. Significant differences were 
found in the moisture content between raw chestnuts and chestnuts subjected to drying. Chestnuts 
treated at 30 °C had a reduction of 41% in the moisture content compared to the untreated fruits. 
Significant differences were found between chestnuts treated at 35 °C and 40 °C, with a reduction of 
moisture content of 56% and 64%, respectively. The treatments at 45 °C and 50 °C further decreased 
the moisture content. Besides, the water activity was measured on the samples at harvest (aw 0.96) 
Figure 1. Fungal colonization. (a) Percentage (%) of chestnut surface colonized by Aspergillus flavus
and (b) concentration of viable A. flavus spores on chestnuts after treatment from 30 ◦C to 50 ◦C for
seven days and seven days of shelf life at 22 ◦C. Values are expressed as mean values ± SD (n = 12 per
experiment; two repetitions of the experiments). Values followed by the same letter are not statistically
different by Duncan’s multiple range test (p < 0.05).
2.2. Aflatoxin analysis
The concentrations of AFB1, AFB2, AFG1, and AFG2 was investigated for each temperature.
AFG1 and AFG2 were not detected in any of the tested conditions. Th high st concentrations of AFB1
(62.92 ng/g) and AFB2 (2.87 ng/g) (Figure 2.) were produc d at 40 ◦C, while the concentrations of
AFB1 were 20.15 ng/g and 33.60 ng/g at 30 ◦C and 35 ◦C, respectiv ly, while the concentrations of
AFB2 were 0.72 ng/ and 1.81 ng/g, respectively. No aflatoxins were detected at 45 ◦C or 50 ◦C.
Toxins 2018, 10, x FOR PEER REVIEW  3 of 11 
 
 
Figure 1. Fungal colonization. (a) Percentage (%) of chestnut surface colonized by Aspergillus flavus 
and (b) concentration of viable A. flavus spores on chestnuts after treatment from 30 °C to 50 °C for 
seven days and seven days of shelf life at 22 °C. Values are expressed as ean values ± SD (n = 12 per 
experiment; two repetitions of the experiments). Values followed by the same letter are not 
statistically different by Duncan’s multiple range test (p < 0.05). 
2.2. Aflatoxin analysis. 
The concentrations of AFB1, AFB2, AFG1, and AFG2 was investigated for each temperature. AFG1 
and AFG2 were not detected in any of the tested conditions. The highest concentrations of AFB1 (62.92 
ng/g) and AFB2 (2.87 ng/g) (Figure 2.) were produced at 40 °C, while the concentrations of AFB1 were 
20.15 ng/g and 33.60 ng/g at 30 °C and 35 °C, respectively, while the concentrations of AFB2 were 0.72 
ng/g and 1.81 ng/g, respectively. No aflatoxins were detected at 45 °C or 50 °C. 
 
Figure 2. Concentrations (ng/g) of AFB1 and AFB2 on chestnuts treated at different temperatures from 
30 °C to 50 °C for seven days and seven days of shelf life at 22 °C. Values are expressed as mean values 
± SD (n = 12 per experiment; two repetitions of the experiments). Values followed by the same letter 
are not statistically different by Duncan’s multiple range test (p < 0.05). 
2.3. Composition 
The chemical composition of the chestnuts is reported in Table 1. The moisture content (%) 
decreased from harvest to the treatment with the highest temperature. Significant differences were 
found in the moisture content between raw chestnuts and chestnuts subjected to drying. Chestnuts 
treated at 30 °C had a reduction of 41% in the moisture content compared to the untreated fruits. 
Significant differences were found between chestnuts treated at 35 °C and 40 °C, with a reduction of 
moisture content of 56% and 64%, respectively. The treatments at 45 °C and 50 °C further decreased 
the moisture content. Besides, the water activity was measured on the samples at harvest (aw 0.96) 
Figure 2. Concentrations (ng/g) of AFB1 and AFB2 on chestnuts treated at different temperatures
from 30 ◦C to 50 ◦C for seven days and seven days of shelf life at 22 ◦C. Values are expressed as mean
values ± SD (n = 12 per experiment; two repetitions of the experiments). Values followed by the same
letter are not statistically different by Duncan’s multiple range test (p < 0.05).
2.3. Composition
The chemical composition of the chestnuts is reported in Table 1. The moisture content (%)
decreas d from harvest t the treatm nt wi h the highest temperature. Significant differe c s were
found in the oistur content between raw chestnuts and chestnuts subjected to drying. Chestnuts
treated at 30 ◦C had a reduc ion of 41% in t moisture content compared to the untreated frui .
Signific nt differences were fou d betwee c stnuts tr ated at 35 ◦C and 40 ◦C, with a reduction of
moisture content of 56% and 64%, respectively. The treatm nts at 45 ◦C and 50 ◦C further e reased
the moisture co tent. Besides, the water activit was m sured on the samples at harvest (aw 0.96) an
after the hermal reatments. The values decreased ith increasing temp ratures, from w 0.92 at 3 ◦C,
0.83 at 35 ◦C, 0.78 at 40 ◦C, 0.64 at 45 ◦C, and 0.36 at 50 ◦C.
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The fat content increased for the highest temperature, with significant differences. Carbohydrates
increased with the temperature of the treatment and were statistically different, with values ranging
from 62.23 g/100 g to 77.90 g/100 g. No statistical differences were found for fiber or protein contents,
with mean values of 5.68 g/100 g for the fiber content and 3.53 g/100 g for protein.
Table 1. Average moisture content (%), fiber (g/100 g), fat content (g/100 g), carbohydrates (g/100 g)
and protein (g/100 g) for raw chestnuts at harvest, and treated at different temperatures (from 30 to
50 ◦C) for 7 days.
Sample Moisture[%] *
Fiber
[g/100 g] *
Fat Content
[g/100 g] *
Carbohydrates
[g/100 g] *
Protein
[g/100 g] *
Harvest (Raw) 45.50 ±0.46 a 6.51 ±0.10 a 0.47 ±0.02 a 42.65 ±0.06 a 3.51 ±0.08 a
Treatment 30 ◦C 26.67 ±1.35 b 5.25 ±0.35 a 0.56 ±0.09 a 62.23 ±2.15 b 3.53 ±0.05 a
Treatment 35 ◦C 19.87 ±1.45 c 5.23 ±1.21 a 0.56 ±0.03 a 70.00 ±1.20 c 3.46 ±0.03 a
Treatment 40 ◦C 16.30 ±1.60 c 5.32 ±0.23 a 0.61 ±0.05 ab 72.65 ±4.25 c 3.51 ±0.08 a
Treatment 45 ◦C 11.30 ±1.40 d 5.42 ±1.15 a 0.71 ±0.03 b 77.35 ±0.55 d 3.50 ±0.08 a
Treatment 50 ◦C 9.62 ±1.48 d 5.51 ±0.32 a 0.91 ±0.03 c 77.90 ±1.39 d 3.66 ±0.18 a
* Values are expressed as mean value ± SD (n = 9). Values followed by the same letter are not statistically different
by Duncan’s multiple range test (p < 0.05).
2.4. Total Phenol Content (TPC) and Antioxidant Activity
The total phenol content increased as the temperatures applied increased (Table 2). At harvest,
TPC was 60.8 mg gallic acid equivalent (GAE)/100 g fresh weight (FW). Statistical differences were
found for the treatments from 35 ◦C to 50 ◦C, with 66.2 mg GAE/100 g FW, 74.3 mg GAE/100 g FW,
92.3 mg GAE/100 g FW, and 131.7 mg GAE/100 g FW, for 35 ◦C, 40 ◦C, 45 ◦C, and 50 ◦C respectively.
The antioxidant activity decreased as the temperatures applied increased (Table 2). At harvest,
the antioxidant activity was 928 µmol ascorbic acid equivalent (AAE)/100 g FW. Statistical differences
were found for the treatments at 45 ◦C, with 665 µmol AAE/100 g FW, and at 50 ◦C, with 644 µmol
AAE/100 g FW.
Table 2. Average total phenol content (mg GAE/100 g extract in fresh weight (FW)) and antioxidant
activity (µmol AAE/100 g extract in FW) of raw chestnuts at harvest, and after treatment at different
temperatures (from 30 to 50 ◦C).
Treatment Total Phenol Content[mg GAE */100 g FW] *
Antioxidant Activity
[µmol AAE **/100 g FW] **
Harvest (raw) 60.8 ± 2.02 a 928 ± 1.9 c
Treatment 30 ◦C 63.3 ± 3.44 ab 884 ± 1.5 bc
Treatment 35 ◦C 66.2 ± 6.18 b 755 ± 1.3 ac
Treatment 40 ◦C 74.3 ± 4.36 c 744 ± 1.5 ac
Treatment 45 ◦C 92.3 ± 4.72 d 665 ± 1.5 ab
Treatment 50 ◦C 131.7 ± 3.50 e 644 ± 1.2 a
* GAE: gallic acid equivalent. ** AAE: ascorbic acid equivalent. Values are expressed as mean ± SD (n = 9).
Values followed by the same letter are not statistically different by Duncan’s multiple range test (p < 0.05).
3. Discussion
Aflatoxin contamination of chestnut products has been reported in different studies. Pietri and
colleagues [24] showed an incidence of AFs contamination close to 60%, and 20% of the samples
exceeded the European limits, with 62.2% AFB1 for chestnut flour and 21.4% for dried chestnuts.
Bertuzzi et al. [2] found AFs contamination in fresh chestnuts and dried chestnuts, with an incidence of
15% and 40%, respectively, while a higher incidence (92%) was found for chestnut flour samples, with
24% exceeding the EU limits for AFB1. The European Rapid Alert System for Food and Feed [25] also
reported several AFs contaminations in dried chestnuts, chestnut flakes and chestnut flour produced
in Italy. Because of their characteristics (high moisture, starch, and water contents), chestnuts are more
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susceptible to the growth of mycotoxigenic fungi, especially during storage [11,12]. This scenario
underlines the problems related to AFs in meeting the EU legislative limits concerning food safety.
Several studies have shown that temperature and water activity have a great effect on A. flavus
growth and aflatoxin production [31–33]. Different methods have been successfully applied to
chestnuts in order to reduce fungal growth and prolong shelf life [28,34,35].
In our study, the effect of different drying temperatures on both A. flavus growth and AFs
production was evaluated in order to reduce the risk of aflatoxin contamination of chestnuts.
After drying, the fruits were kept at 22 ◦C for seven days in order to simulate the shelf life conditions
of the products.
As reported by Shindler et al. [36], the optimal growth temperatures for A. flavus is not the same
as those for aflatoxin production. The optimal temperature for growth of A. flavus is 30–33 ◦C [37],
and our data have confirmed the literature results, with the highest concentration of A. flavus found in
the chestnuts dried at 30 ◦C and 35 ◦C. At these temperatures, the measured aw was higher than the
minimum aw permitting the growth of A. flavus [38], and the results confirmed the ability of the fungus
to grow. We could affirm that a combined effect of the temperature and the aw was able to favour the
fungal colonization.
A lower growth of A. flavus was found at 40 ◦C treatment and seven days of shelf life. After the
40 ◦C treatment, the final aw was 0.78, which is close to the minimum aw permitting the growth of
A. flavus. At this temperature, the AFB1 and AFB2 concentrations were the highest ones. At 40 ◦C,
A. flavus was under suboptimal conditions for growth, but after the following seven days at 22 ◦C
the incidence of A. flavus increased and the fungus was able to produce aflatoxins. Similarly,
Lahouar et al. [39] found the highest amount of AFB1 on sorghum at about 37 ◦C, while Liu et al. [30]
reported a decrease of AFs concentration in peanuts at 37 ◦C. On the contrary, the highest AF
contamination in maize and soybean has been shown to occur at 30–35 ◦C [40,41].
Liu and colleagues [30] reported that a drying temperature of above 42 ◦C could be suppressive
for aflatoxin biosynthesis and growth of A. flavus on shelled peanuts. Similarly, no mold growth was
observed on inoculated chestnuts treated at 45 ◦C or 50 ◦C followed by shelf life for seven days, and
aflatoxins were not detected. Furthermore, the maximum temperature for A. flavus growth, as reported
by Pitt and Hocking [37], was around 43–48 ◦C. Similar results were shown by Marín et al. [29], who
used predictive models on pistachio: after 15 days of incubation, the concentration of aflatoxins
increased with increasing the applied temperatures. It started to decrease at 37 ◦C, while no AFs were
detected at 42 ◦C.
In commercial chestnut mills, fresh chestnuts are dried as soon as they reach the mill, and
afterwards they undergo sorting, roasting, granulation, milling, packaging, and storage until sale [26].
The current conditions for drying chestnuts before processing include a drying under air flow at
30 ◦C for three to five days, until they reach 10% humidity. The results obtained in this work show that
seven days at 30 ◦C in static air was not enough to reach 10% humidity, and temperature higher than
40 ◦C was needed to reach values of residual humidity close to 10%.
When considering the effect of the applied thermal treatments on quality, some changes in the
chemical composition of the chestnuts were observed. As reported by Goncalves et al. [42], boiling
and roasting treatments affected the quality of chestnuts.
The effect of drying in non-inoculated chestnuts reduced the moisture content from 45% to 9%,
and an increase in the carbohydrate and fat contents, compared to the raw chestnuts, was observed
for the treatment at the highest temperatures. A higher fat content was also observed for boiled
chestnut [42], while an increase in reducing sugars was observed by Correira and colleagues [43].
No effect was observed on the fiber or protein content. The cooking processes significantly affected the
composition of the chestnuts due to the water losses that consequently increased the concentration of
the other compounds, such as carbohydrates.
Toxins 2018, 10, 530 6 of 11
Previous data on the total phenol content and antioxidant activity of chestnuts mainly refer to
fresh nuts [44–46]. Limited data have been reported on the effects of cooking processes and of drying
temperatures on these parameters [35].
The TPC analysis revealed an increase in water extractable phenol content as the applied
temperature was increased, and similar results were obtained by Barros et al. [47] and
Goncalves et al. [42] in their analyses of boiled and roasted chestnuts. Polyphenols are substances
that are free in the chestnuts tissues and not strongly bound to the fruit structure, due to the water
diffusion [10]. Probably, the extraction of TPC in water increased the recovery of these compounds [35].
The antioxidant activity was reduced by increasing the applied temperature, but significant
differences were only found at 45 ◦C and 50 ◦C. Similar results about the antioxidant activity were
found for roasting chestnuts of Longal2 and Trigueira varieties, compared to raw chestnuts [47], as
well as for chestnuts subjected to roasting, boiling and curing [10]. As reported by Ribeiro et al. [48],
heat is the main cause of modification of the organic acids’ contents of chestnuts samples, due to
the reduction of citric and ascorbic acids. Furthermore, in the study of Barros and colleagues [46],
a positive correlation between a higher TPC and a lower antioxidant capacity was found only for one
cultivar over nine analyzed, with a higher amount of gallic acid. These findings could be attributed to
the cultivar analysed as reported by Zhu [35].
In conclusion, the present study showed that a drying treatment at 45 ◦C for seven days could be
a promising method to effectively control both the growth of aflatoxigenic fungi and the production
of aflatoxins, due to the low moisture content and aw reached. A study about the kinetics of the aw
and water content could be performed in drying facilities for chestnuts, to reduce the length of the
treatment. After a treatment at 45 ◦C, only minor changes occurred in the chemical composition of the
chestnuts, and good levels of fatty acids, phenols, proteins, and fibers were preserved. Furthermore,
chestnuts are mostly consumed after cooking (boiling or roasting), and in our analyses the chemical
changes that occurred were similar to those found after cooking chestnuts. This study provides
preliminary data useful to improve the current drying conditions used in chestnut mills, to reduce
both fungal growth and aflatoxins production. The increase of temperature until 45 ◦C for chestnut
drying before processing, could prevent A. flavus growth and AFs contamination, without affecting the
overall quality of the chestnuts. Further studies should be accomplished to apply the drying conditions
in commercial chestnut mills. Drying should be considered a prevention practice to avoid aflatoxin
contamination, and thus to avoid production and economic losses.
4. Materials and Methods
4.1. Fungal Strain
A strain of Aspergillus flavus, named AFSP4, isolated from chestnut and able to produce both
aflatoxins B1 and B2 was used to inoculate chestnuts during the experiments [26]. The strain was
grown on Potato Dextrose Agar (PDA, Merck, Darmstadt, Germany) at 30 ◦C for seven days. In order
to collect the spores, 5 mL of sterile deionized water, containing 1% Tween, was added to each plate
and the colony surface was gently scraped. The resulting spore suspension was counted using a Bürker
chamber to obtain a concentration of 1 × 106 spores/mL.
4.2. Inoculation of Chestnuts and Fungal Spore Count
Freshly harvested chestnuts (Castanea sativa Mill. var. Gabiana), used for fungal inoculation and
aflatoxin analysis, were harvested in the Cuneo province (northwestern Italy) in September 2016 and
they were stored in sealed polypropylene plastic bags at 4 ◦C until used for the experiments.
The chestnuts were sterilized with 1% sodium hypochlorite, washed with sterile deionized water
and allowed to air dry. Three wounds were made per chestnut (1 cm long), and 500 µL of the fungal
spore suspension were inoculated in each wound. Similarly, 120 control fruits were inoculated with
sterile deionized water. After inoculation, 120 chestnuts were stored in perforated plastic boxes (eight
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chestnuts per box, three replicates per temperature, 5 temperatures), at 30 ± 1 ◦C, 35 ± 1 ◦C, 40 ± 1 ◦C,
45 ± 1 ◦C or 50 ± 1 ◦C for seven days, and at room temperature (22 ± 1 ◦C) for seven days to monitor
fungal growth. The experiment was performed twice.
In order to assess the fungal contamination, each chestnut was visually examined, after seven
days treatment and, a second time, after seven days storage, to give an index of surface colonization:
0 (from 0% to 5%); 1 (from 6% to 25%); 2 (from 26% to 50%); 3 (from 51% to 75%); 4 (from 76% to
90%); 5 (91% to 100%). The average index was transformed into percentage with 100% corresponding
to index 5. Afterwards, four chestnuts per box were placed in a beaker (500 mL) with 50 mL of
sterile water containing 1% Tween (Merck); the beaker was then placed on a rotary shaker for 60 min.
The samples were diluted and A. flavus spores were counted using a Bürker chamber and plated on
potato dextrose agar (100 µL/plate). After 48 h of incubation at 30 ◦C, the fungal colonies were visually
counted on plates in order to assess the viability.
4.3. Aflatoxin Extraction and Analysis
Aflatoxin production was determined after seven days of treatment at different temperatures
followed by seven days of storage at 22 ◦C. The remaining four chestnuts per box were weighed
individually, crumbled, and placed in a Falcon tube (50 mL); 20 mL of acetone was then added and
aflatoxins were extracted using a rotary-shaking stirrer for 30 min. The extract was transferred into a
Falcon tube and centrifuged for 2 min. The extract was evaporated until dryness and recovered with
500 µL of water:acetonitrile 50:50. Each biological replicate (three replicates) was composed of four
chestnuts and the AFs were extracted from four chestnuts (technical replicates). The experiment was
performed twice. The same procedure was also applied to the uninoculated samples, which resulted
free of AFs.
Aflatoxin analysis was performed using a Varian Model 212-LC micro pump (Varian Medical
Systems Inc., Palo Alto, CA, USA) with a Varian autosampler Model 410 Prostar coupled with a Varian
310-MS triple quadrupole mass spectrometer and with an electrospray ion source (ESI) operating in
positive ionization mode. Chromatographic separation was performed in isocratic mode on a Pursuit
XRs Ultra C18 (100 mm × 2.0 mm, 2.8 µm, Varian) column, using water acidified with 0.05% of formic
acid (Sigma-Aldrich, St. Louis, MO, USA) and methanol (Merck) (40:60 v/v) as eluents; the flow rate
was set at 0.2 mL/min for 10 min. The monitoring reaction mode transitions used for quantification
were: 313 > 285 (CE 14 V) for AFB1 and 315 > 287 (CE 18 V) for AFB2.
In order to quantify the AFs content in the samples, the external standard method was used.
A standard curve with a mixture of AFB1 and AFB2 standards was built, using concentrations
ranging from 1 to 500 ng/mL. Extraction recovery was evaluated using chestnuts not heat-treated and
contaminated with the standards of AFB1 and AFB2. Chestnuts were contaminated before extraction
procedure at two concentrations (5 and 25 ng/g). Three replicates were prepared for each concentration
and the average results obtained for AFB1 and AFB2 were 72.4 ± 1.3% and 72.1 ± 1.7% respectively.
4.4. Chestnut Composition
Chestnuts (three technical and three biological replicates) were analyzed at harvest, and after
each treatment for moisture content (%), fiber, fat, carbohydrate and protein contents (g/100 g), by
Agrobiolab (Rutigliano, Italy).
The moisture content was determined after drying in air oven at 103 ◦C (ISTISAN 1996/34
p. 7, method B, [49]). The total protein content was obtained according to the Kjeldahl method
(ISTISAN 96/34 p. 13, [49]). Total dietary fiber quantification was performed according to 985.29
AOAC method [50]. Total fat content was determined by using the Soxhlet extraction method (AOAC
920.39, ether extraction [51]) and gas chromatography-mass spectrometry. The carbohydrates were
determined by HPLC, after clarification with Carrez reagent (ISTISAN 1996/34 p. 63, [49]).
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Besides, the water activity (aw) was measured on the chestnuts treated or not by using an electronic
hygrometer AquaLab Series 3TE (Decagon Devices Inc., Pullman, WA, USA), which adopted the
chilled-mirror technique at 25 ◦C.
4.5. Total Phenol Content (TPC) and Antioxidant Activity
Chestnuts (three technical and three biological replicates) were analyzed at harvest, and after
each thermal treatment for water extractable TPC and antioxidant capacity. Chestnuts were peeled,
weighed and transferred to a falcon tube (50 mL). Extraction was performed by shaking the chestnuts
at 1400 rpm for 1 h in deionized water, with a solid/liquid ratio of 1/10. Samples were centrifuged at
10,000× g for 10 min and the supernatant was collected. The solid fraction was further extracted and
the two supernatants were combined. The extracts were immediately analyzed to establish the total
phenolic content and the antioxidant activity.
The Folin-Ciocalteu method [52] was used to analyze the TPC content using: 0.5 mL of the aqueous
solution of the extract, 2.5 mL of the Folin-Ciocalteu reactive (diluted 1:10, v/v) and 2 mL of 75 g/L
Na2CO3 aqueous solution. The samples were incubated at 50 ◦C and, after 5 min, the absorbance was
measured at 760 nm. Gallic acid was used as the standard and the TPC content was expressed as mg
gallic acid equivalent (GAE) per 100 g extract, in fresh weight (FW).
The ferric reducing antioxidant power (FRAP) assay was used to evaluate the antioxidant activity,
according to Szöllösi and Szöllösi-Varga, [53]. Briefly, 100 µL of the aqueous solution of the extract was
added to 300 mL of a fresh FRAP reagent (25 mL acetate buffer, 300 nmol/L, pH 3.6; 2.5 mL of TPTZ
(2,4,6-tripyridyl-1,3,5-triazine) diluted in 40 nmol/L HCl and 2.5 mL of 20 nmol/L FeCl3·6H2O was
added. After 5 min, the absorbance was measured at 593 nm. Ascorbic acid equivalent (AAE) was used
as the standard, and the results were expressed as µmol AAE per 100 g extract in fresh weight (FW).
4.6. Statistical Analysis
Statistical analyses on the percentage of chestnut surface colonized by A. flavus, concentration of
viable A. flavus spores, aflatoxin production, chestnut composition, total phenol content and antioxidant
activity were performed using IBM SPSS statistics software Inc. version 22 (Chicago, IL, USA), for
variance analysis (one-way analysis of variance) using the Duncan test with p ≤ 0.05.
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